study question: Do assisted reproduction techniques (ARTs) affect DNA methylation of imprinted genes and does aberrant methylation of imprinted genes account for the incidence of human spontaneous abortion (SA)?
Introduction
Recent data suggest that assisted reproduction techniques (ARTs) in humans may affect the epigenetics of early embryogenesis leading to some rare imprinting disorders, such as Beckwith-Wiedemann syndrome (BWS; Maher et al., 2003; Halliday et al., 2004) , PraderWilli syndrome (PWS) and Angelman syndrome (AS; Cox et al., 2002) . BWS involves loss of imprinting of a group of genes on the chromosomal region 11p15, including H19 and LIT1 (also known as KCNQ1OT1; Clayton-Smith et al., 1992; Weksberg et al., 2002; Choufani et al., 2010) . AS and PWS are clinically distinct neurodevelopmental disorders caused by aberrant methylation in the differentially methylated region (DMR) of the small nuclear ribonucleoprotein polypeptide N (SNRPN) on the chromosomal region 15q11-13 (Buiting et al., 2003) .
Genomic imprinting is an epigenetic process, and one of the most studied epigenetic modifications is DNA methylation of cytosine residues within CpG dinucleotides. DNA methylation is also implicated in the regulation of imprinted genes that are exclusively expressed from one parental allele (Rideout et al., 2001) . Imprinted genes are thought to be particularly important in placental and fetal growth and development and may help in regulating growth in response to maternal and fetal signals in utero (Frost and Moore, 2010) . To date, around 60 imprinted genes have been identified in humans (http://www .geneimprint.com). Most imprinted genes possess DMRs whereby allelic methylation depends on the parent of origin. These DMRs often coincide with imprinting control regions (ICRs), which regulate gene expression and further epigenetic modifications (Mann, 2001; Delaval and Feil, 2004; Henckel and Arnaud, 2010) .
Some animal studies have suggested that ART procedures, such as ovulation induction, IVF, ICSI and embryo culture, may disturb the normal imprinting process. A study of mouse 2-cell embryos showed that the methylation level of embryos maintained in vitro is significantly higher than those that developed in vivo (Zaitseva et al., 2007) . However, the effect of ART on gene imprinting in humans is not well studied because of ethical considerations. Studies of human oocytes and preimplantation embryos found that ovulation induction and in vitro culture might cause imprinting errors of imprinted genes (Sato et al., 2007; Chen et al., 2010) . Nevertheless, large epidemiological studies in Denmark, Sweden and the UK did not observe an increased frequency of imprinting disorders in children conceived by ART and questioned the influence of gamete manipulation or embryo culture on DNA methylation at DMRs (Kallen et al., 2005; Lidegaard et al., 2005; Bowdin et al., 2007) .
Spontaneous abortion (SA) is a common medical problem. Approximately 25% of women of reproductive age attempting pregnancy have SA, and at least 10% of all clinical pregnancies are not maintained (Brown, 2008; Warren and Silver, 2008) . Among the many reasons for such miscarriages, gene imprinting defects are one of the possible causes (Ono et al., 2006) . Data from animal studies showed that in vitro embryo culture and related procedures may be associated with disordered genomic imprinting and produce alterations in intrauterine growth (Benoff and Hurley, 2001; Khosla et al., 2001) . Human studies have also demonstrated that in vitro culture of embryos can cause methylation defects in individual genes, which might affect subsequent embryonic development and contribute to SA in humans (Khosla et al., 2001; Zechner et al., 2010) . However, our previous studies showed an abnormal methylation pattern of PEG1, which is important in the development of the fetal mesoderm, in aborted human chrionic villus. But an increased occurrence of aberrant methylation in chrionic villus from ART pregnancies was not observed (Zheng et al., 2011) . Here, we analyzed the DNA methylation patterns of three imprinted genes, including H19, LIT1 and SNRPN, in human abortions and stillbirths derived from ART and natural conception (NC). These three genes can cause developmental defects when abnormally regulated in animal models and/or humans.
Materials and Methods

Experimental groups and DNA preparation
The study protocol was approved by the Institutional Ethics Committee of Nanfang Hospital, and informed consent was obtained from all the patients. Chorionic villus samples (CVS) were collected from women who underwent abortion procedures in Department of Gynecology and Obstetrics in Nanfang Hospital from May 2008 to July 2011. These patients had no known anatomic or genetic abnormalities. Muscle samples (MS) were obtained from aborted fetuses and stillbirths during diagnostic examination at the Department of Pathology of Nanfang Hospital. The gestational age of each fetus was determined by the last menstrual period.
The samples were divided into four groups according to source: (A) SA/stillbirth after ART (62 CVS and 13 MS, n ¼ 75). In cases of SA, an intrauterine sac without fetal heartbeat was observed. (B) Fetal reduction by transvaginal ultrasound after ART (CVS, n ¼ 73).
Fetal heartbeat was observed in these pregnancies. (C) SA/stillbirth of natural pregnancies (73 CVS and 17 MS, n ¼ 90). (D) Induced abortion (IA) of NCs (69 CVS and 13 MS, n ¼ 82). Fetal heartbeat was observed in these pregnancies. These abortions were performed at the patient's request for personal or social reasons. We used the samples from patients who had undergone conventional ART: IVF and ICSI. The duration of pregnancy ranged from 6 to 26 weeks. The mean + SD age of patients was 31.0 + 4.1 (range: 18 -45 years). CVS were collected immediately after abortion or multi-fetal reduction and washed with physiological saline. Biopsies from the musculus quadriceps were dissected within 24 -48 h after abortion. Then all the samples were stored at 2808C until analyses. Genomic DNA was extracted using a Genomic DNA Purification Kit (Promega, Madison, WI, USA).
Gene-specific methylation analyses
The DMRs of one paternally methylated (H19) and two maternally methylated (LIT1 and SNRPN) genes were analyzed by bisulfite pyrosequencing. Bisulfite treatment of genomic DNA was performed with the EpiTect Bisulfite Kit (Qiagen). Bisulfite pyrosequencing was performed using the PyroMark Q96 ID System (Qiagen) and pyrosequencing reactions were performed according to the manufacturer's instructions. PCR and sequencing primers for bisulfite pyrosequencing (Table I) were designed using the Pyrosequencing Assay Design Software (Qiagen). The degree of methylation at each CpG site was determined by Allele Quantification software. All the samples were analyzed in triplicate.
Cloning and sequencing
To confirm the pyrosequencing results, PCR products for samples of interest were gel purified using a QIAEX II Gel Extraction Kit (Qiagen) and cloned into the pGEM-T vector (Promega). Approximately 20 clones of each individual sample were sequenced.
Statistical analyses
The Statistical Package for the Social Sciences 16.0 statistical analyses program was used to analyze the methylation values of H19, LIT1 and SNRPN in CVS and MS from the four experimental groups. Quantitative data were calculated as mean + SD. Box plots were generated using the program's default parameters. The bottom and the top of the box indicate the 25th and 75th percentile, respectively. The T bars extend from the boxes to a maximum of 1.5 times the height of the box; samples that do not lie within the T bars are defined as outliers. Samples falling within the T bars were considered normally methylated, whereas extreme methylation values (outliers) may indicate a methylation reprogramming defect. To compare the number of outliers, we used the chi-square test or Fisher's exact test. The receiver operating characteristic (ROC) curve method was used to analyze the potential association between percentage methylation of the imprinted genes and the incidence of SA. Statistical significance was set at P , 0.05.
Results
Methylation differences between study groups
We performed methylation analyses of three functionally important DMRs in CVS and MS of 320 abortions and stillbirths. The analyzed regions represent primary imprints (H19, LIT1 and SNRPN), which are established in the germline and stably maintained after fertilization. For all CVS and MS, we achieved bisulfite conversion efficiency between 90.1 and 100%. The methylation values for the samples were in the range 30.3 -91.7, 33.9 -86.4 and 32.6 -61.2% for H19, LIT1 and SNRPN, respectively. Representative samples with extreme and median methylation values for the three genes are shown in Figure 1 . Clear hypo-methylation (,10%) and hyper-methylation (.90%) were not detected in LIT1 and SNRPN but two regions of hyper-methylation (91.7 and 91.4%) were found in H19. The methylation percentage of all the three genes showed significant differences among the four experimental groups (P , 0.05) (Table II) . Multiple comparisons showed that the percentage of methylation in groups A and C was significantly higher than that in group B for H19 and was significantly higher than in groups B and D for LIT1 and SNRPN (P , 0.05).
Distribution of methylation values in CVS and MS
We performed box plot analyses of the three imprinted genes in CVS and MS of 320 abortions and stillbirths ( Fig. 2A) . For a given gene and sample, a methylation imprint was designated as normal if the average methylation percentage of all the studied CpGs in the DMR fell within the T bars of the box plot for all the analyzed samples. In the 165 SA samples (groups A and C), 40 of 495 (8.1%) analyzed DMR methylation values of the three studied genes represented outliers (Table III) . The highest number of outliers was observed for LIT1 (13.3%, 22/ 165). In contrast, no outliers were found among the 155 IA samples (groups B and D). The number of outliers in the IA groups was significantly lower than that in the SA groups (P ¼ 1.406 × 10 212 ). It was interesting to note that all the outliers had hypermethylation and there was no hypomethylated DMR ( Fig. 2A) . The percentage of methylation was significantly higher in the SA samples (groups A and C) than in the IA samples (groups B and D) (P ¼ 1.557 × 10 24 , 4.825 × 10 27 and 2.063 × 10 27 for H19, LIT and SNRPN, respectively; Table III) . Furthermore, there were significantly more abnormal methylation values (outliers) in LIT1 (22 outliers) in the SA samples than in the other genes (Table III ). In the samples that showed abnormal methylation, usually more than one of the three genes were affected. Six of the 165 (3.6%) SA samples displayed hypermethylated DMRs in two to three genes (Table IV) , including two NC samples and four ART samples. ROC curve analyses showed that the areas under the curve for H19, LIT1 and SNRPN were 0.597 [95% confidence interval (CI), 0.535-0.658], 0.619 (95% CI, 0.558-0.681) and 0.643 (95% CI, 0.583-0.703), respectively. The Youden indexes for H19, LIT1 and SNRPN were 0.141, 0.184 and 0.184, respectively. A significant but weak positive correlation was observed between the percentage methylation of the three genes and the incidence of SA (P ¼ 2.807 × 10 23 , 2.227 × 10 24 and 9.484 × 10 26 for H19, LIT and SNRPN, respectively; Fig. 2B-D) . No significant differences were detected in percentage methylation of the three genes in CVS versus MS and outlier rates were also comparable. However, CVS did show a broader range of variation in methylation compared with MS (data not shown) but owing to the small number of MS, further studies are required.
Methylation differences between ART and non-ART samples
The mean percentage of methylation did not differ significantly between samples from the ART (groups A and B) and from the NC (groups C and D) groups (P . 0.05, Table III ). Previous studies considered that ICSI might result in more medical problems than IVF, so we compared the methylation data sets of the 98 IVF and the 50 ICSI samples in our ART group. The mean percentage of methylation in IVF versus ICSI groups for the H19, LIT1 and SNRPN genes was not significantly different (Table II , P . 0.05).
Box plot analyses showed that 20 of the 444 (4.5%) analyzed DMR in the ART samples were outliers with potentially abnormal methylation. The number was comparable with that of the NC samples (20/ 516, 3.9%; P . 0.05) ( Table III ). The data indicated that there was no increase in the rate of potentially abnormal methylation of the three studied genes in the ART group. To confirm the pyrosequencing results, we carried out cloning and sequencing for four samples of interest. The results were in agreement with the results of pyrosequencing (Table IV, Fig. 3 ).
Discussion
In this study, we present a detailed analyses of the DNA methylation of three imprinted genes in DNA samples obtained from CVS and fetal MS in a study population consisting of 165 SA samples and 155 IA samples derived from 148 pregnancies conceived by ART and 172 by NC. We found significant differences in percentage methylation of H19, LIT1 and SNRPN in IA versus SA samples. We also observed a positive correlation between the percentage methylation and the incidence of SA. These results suggest that an abnormal methylation pattern of imprinted genes may affect the stability of normal pregnancy and that abnormal methylation may also be another consequence of the defect that led to SA. The occurrence of aberrant methylation of imprinted genes in ART pregnancies was comparable with that in natural pregnancies. Many imprinted genes play essential roles in mammalian development, notably in the regulation of placental, fetal and/or post-natal growth. Paternally expressed genes, such as SNRPN and LIT1, tend to enhance growth, whereas maternally expressed genes, such as H19, restrict growth (Ferguson-Smith and Surani, 2001; Miozzo and Simoni, 2002; Constancia et al., 2004) . Some studies have reported that defects in imprinted genes lead to early embryonic and fetal death, prolonged labor and development of embryonic tumors (Ono et al., 2006) . In our study, we found that the methylation percentage of H19, LIT1 and SNRPN was higher in the SA samples than in the IA samples, regardless of the conception methods. ROC curve analyses also demonstrated a weak positive correlation between percentage methylation of the three genes and the incidence of SA. It remains to be determined whether abnormal methylation of imprinted genes directly contributes to SA, or the abnormal methylation is a consequence of the defect that led to SA.
All the outliers in both paternally and maternally imprinted genes were hypermethylated DMRs, which may result from a failure of the currently unknown control mechanism preventing ectopic methylation of the unmethylated allele during preimplantation development . However, Kobayashi et al. (2009) compared the methylation levels of seven imprinted genes in CVS from ART and non-ART abortions, and found that samples with aberrant imprints in H19 or MEG3 were hypomethylated. These may be related to fertilization with abnormally hypomethylated sperm (defective imprint establishment in the germline; Kobayashi et al., 2009) . Most observed methylation abnormalities in our SA samples point to a mosaic state, that is the presence of normally and abnormally methylated cells in the same sample. The observation suggests the occurrence of methylation errors during early embryogenesis affecting only a subset of cells. In addition, 4 of the 135 (3.0%) SAs and 1 of the 30 (3.3%) stillbirths displayed hypermethylated DMRs in two to three genes studied. We suggest that there is a link between epigenetic alterations at multiple imprinted loci during critical stages of placental/fetal development and SA. Accordingly, a multifactorial threshold model for SA is proposed, and additional genetic and environmental factors may also play a role.
Some genes appear to be more susceptible to extreme methylation than others. In our study, a higher number of outliers were observed in LIT1. We presume that the methylation of LIT1 may be tightly regulated in CVS, as suggested previously (Zechner et al., 2010) . The LIT1 gene has been implicated in the etiology of BWS. However, the role of LIT1 in early fetal development is rarely reported. ICR2 at chromosome 11p15.5 is the promoter of the non-coding and imprinted LIT1 gene. The loss of maternal allele methylation (LOM) of ICR2 is associated with loss of maternal allele CDKN1C expression, and biallelic expression of the untranslated RNA LIT1 (usually only the paternal allele is expressed; Smilinich et al., 1999; Diaz-Meyer et al., 2003) . The most common cause of BWS, observed in up to 50% of patients, is LOM at ICR2 between CDKN1C and IGF2. A previous study has demonstrated that a much higher than expected proportion of post-ART BWS patients have ICR2 LOM (Cooper et al., 2005) . However, in our study, a link between ART and aberrant methylation of LIT1 was not observed. ART interventions are often implemented during the phase of reprogramming of gene imprinting. Therefore, it is possible that some of the ART procedures might affect the methylation process in gametes and embryos. However, compared with the naturally conceived counterparts, the rate of extreme methylation (indicative of epigenetic reprogramming defects) was not significantly different from that of the ART-conceived abortions/stillbirths. The percentage methylation of imprinted genes in CVS and MS derived from IVF and ICSI were also comparable. A very recent study showed that disturbance of methylation by a DNA (cytosine-5)-methyltranferase 1 inhibitor caused a global decrease in DNA methylation level and impaired embryonic development in the mouse model, and inhibited in vitro embryo attachment to endometrial cells (Yin et al., 2012) . Therefore, we presume that the altered methylation of the studied imprinted genes predisposes to SA but ART itself might not necessarily increase the risk of abnormal methylation (Zheng et al., 2011) . Nevertheless, statistically significant differences in the methylation levels of some genes between ART and non-ART samples were found in some studies, indicating that ART or factors associated with parental infertility can affect the epigenome of the next generation (Kobayashi et al., 2009; Zechner et al., 2010) . At present, owing to the relatively small number of conceptions/children that have been studied and large differences in the study designs, no clear picture on the medical relevance of ART-induced epigenetic changes has emerged yet. Furthermore, the role of stochastic and/or environmentally induced epimutations in human phenotypic variation and disease should also be investigated further.
A major difference between samples from ART and NC is the embryo selection that occurs during ART and that cannot be neglected. The ART group represents selected embryos that developed normally during in vitro culture and were suitable for transfer to patients, according to morphological criteria, while SAs after NCs do not undergo any artificial selection. Numerous studies have demonstrated a relationship between embryo morphology and chromosomal abnormalities. Despite the apparent association between Day-3 morphology and chromosomal content, a significant proportion of morphologically high-quality Day-3 embryos are aneuploid (Munne, 2006) . Chromosomal abnormalities could not be detected by studying embryo morphology alone (Eaton et al., 2009) . A comparable abnormal karyotype rate was observed in pregnancies after ART and those after NC demonstrating that the ART group does not seem to be subjected to a higher risk of cytogenetic defects related to the application of technical procedures, and does not show a higher than expected risk for the fertile population (Bettio et al., 2008) .
In summary, aberrant DNA methylation of imprinted loci was demonstrated in the CVS and MS from early/second trimester SA after ART and NC. Our data suggested that primary epimutation leading to inappropriate DNA methylation may contribute to the incidence of SA in humans. The occurrence of aberrant methylation of imprinted genes in ART pregnancies was comparable with that in the natural pregnancies. These findings provide new insights into the etiology of human SA. However, the loci studied represent only a small fraction of developmentally important genes. It is plausible to assume that the observed methylation abnormalities are an indicator of more profound epigenetic defects at other loci. Further studies are needed to evaluate the role of changes in gene expression and methylation status of genes in the pathogenesis of SA.
